invasion, TE needs a suitable cellular environment. Colonized once in a new gene pool, TEs can increase in copy number despite deleterious consequences for the host. The host, on the other hand, quickly develops regulatory systems for suppressing TEs' transposition under a permissible level (Lee & Langley, 2012; Lewis et al., 2018; Senti, Jurczak, Sachidanandam, & Brennecke, 2015) .
As a consequence of such arm races, invaded TEs would spread first, but be totally inactive for a long time, and only their remnant sequences would remain. For bypassing this extinction scenario, another HT is the only escape route, except for domestication (Le Rouzic & Capy, 2009; Pinsker, Haring, Hagemann, & Miller, 2001; Schaack et al., 2010) .
The P element, a DNA transposon in insects, is one of the most popular model systems of TEs (O'Hare & Rubin, 1983 ) and the causative factor of P-M hybrid dysgenesis in Drosophila melanogaster (Bingham, Kidwell, & Rubin, 1982) . A P strain carries many copies of P elements in genome, and an M strain has no copy. In the germline of F1 progeny of a cross between M females and P males, P elements transpose and lead to hybrid dysgenesis, including symptoms such as gonadal dysgenesis (GD) sterility, elevated mutations, segregation distortion, and male recombination (Ashburner, Golic, & Hawley, 2005; Kidwell, 1994) . P elements recently invaded D. melanogaster by HT from another Drosophila species, probably D. willistoni, in the middle of the 20th century (Daniels, Peterson, Strausbaugh, Kidwell, & Chovnick, 1990; Kidwell, 1979) . P elements dispersed worldwide and are currently virtually ubiquitous in wild populations of D. melanogaster (Anxolabéhère, Kidwell, & Periquet, 1988; Anxolabéhère, Nouaud, Periquet, & Tchen, 1985; Bonnivard & Higuet, 1999) , Therefore, true M strains are limited to old laboratory lines that were established before the invasion of the P element (Kidwell, Kidwell, & Sved, 1977) .
The fruit flies D. simulans and D. melanogaster (Figure 1 ) are closely related in the Drosophila melanogaster species subgroup of the genus Drosophila. They are highly similar in morphology, ecologically, and genetically (reviewed by Capy, Gibert, & Boussy, (2004) ).
P elements were known to invade only D. melanogaster, but not D. simulans (Brookfield, 1991) . This was rather enigmatic, because the P element was repeatedly shown to be active in D. simulans if artificially introduced (Daniels, Strausbaugh, & Armstrong, 1985; Montchamp-Moreau, 1990; Scavarda & Hartl, 1984) and able to increase in number with structural decay with time as in D. melanogaster (Daniels, Chovnick, & Kidwell, 1989; Higuet, Merçot, Allouis, & Montchamp-Moreau, 1996; Kimura & Kidwell, 1994; Scavarda & Hartl, 1987) . However, an occurrence of HT, of P elements transferring from D. melanogaster to D. simulans, was recently reported by Kofler, Hill, Nolte, Betancourt, & Schlötterer (2015) , who demonstrated that isofemale lines of D. simulans established in North America in 2010 and South Africa in 2012 carried many P elements in their genomes. They indicated that some of P elements of D. simulans were 2,907 bp in length and thus autonomous. All P elements shared nucleotide "A" at the position 2,040. Considering that, in the single nucleotide polymorphism (SNP) at 2,040 of P elements in D. melanogaster, "G" is common and "A" is rare; they concluded that the P element of D. simulans was horizontally transmitted from D. melanogaster and the HT is likely to be a single event. Hill, Schlötterer, & Betancourt (2016) demonstrated that crosses of D. simulans between the dysgenesis-susceptible (DS) females and dysgenesis-inducing (DI) males showed gonadal dysgenesis in the F1 progeny, but not in the reciprocal cross and that F1 females of dysgenesis-resistant (DR) lines have normal ovaries from the crosses with DS females or DI males. Therefore, DS, DI, and DR strains of F I G U R E 1 A picture of Drosophila melanogaster (left) and D. simulans (right). Males (upper) and females (lower). The photograph was taken with a digital microscope VHX-6000 (KEYENCE, Japan). Bar: 1 mm D. simulans are analogous to M, P, and Q strains of D. melanogaster, respectively. They implied that the P element causes hybrid dysgenesis in D. simulans and that its transposition is regulated by PIWI-interacting RNAs (piRNA), which is the molecular basis of the cytotype for repressing P transposition in D. melanogaster (Brennecke et al., 2008; Kelleher, 2016; Khurana et al., 2011) . More important, Hill et al. (2016) (Kawanishi & Watanabe, 1977) . Moreover, two lines of D. melanogaster, Harwich and Canton S, were used as P and M strains of the P-M system of D. melanogaster, respectively. Harwich was provided Kyoto Drosophila Stock Center. Flies were maintained on standard food medium at 25°C except for the GD test (see below).
| MATERIAL S AND ME THODS

| Fly lines
| Gonadal dysgenesis tests
According to the standard method for the GD test in the P-M system in D. melanogaster (Engels & Preston, 1980; Kidwell et al., 1977) , a set of diagnostic crosses, cross A (DS females × tested males) and cross A* (tested females × DI males), were performed for the Hikone15 lines at 29°C (Hill et al., 2016) . All F1 females were individually dissected in 5-7 days after eclosion and the GD score was calculated for each line as the percentage of undeveloped ovaries. We used RM1 and TSM31 as the control of DS and DI strains, respectively. The strain type was defined according to the previous studies; DI strains (more than 10% GD in cross A and less than 10% GD in cross A*), DS strains (less than 10% GD in cross A and more than 10% GD in cross A*), and DR strains (less than 10% GD in both crosses) (Hill et al., 2016; Kidwell, 1993) . Similar set of diagnostic crosses were performed for the four Hikone15 lines (15-5, 15-10, 5-14, and 15-26) at 25°C.
Differences in ratio of dysgenic females between reciprocal cross were tested by Fisher's exact test (FET). Differences in GD%
between two temperatures were also tested by FET. The statistical significant levels for multiple comparisons were corrected by the Bonferroni method.
| PCR
Genomic DNA was extracted from four adult flies for each isofemale lines, or from one ethanol-preserved fly, using the GenElute Mammalian Genomic DNA miniprep kit (Sigma-Aldrich). After ethanol precipitation DNA was dissolved in 30 μl of sterile distilled water. Using the genomic DNA as templates, P elements of D. simulans were amplified with Ex Taq (Takara) by primer sets as follows: P176F (5′-CAAAGCTGTGACTGGAGTAA-3′) and P2812R (5′-GTCGTATTGAGTCTGAGTGA-3′), or P357F (5′-AACGCA GATGCCGTACCTAG-3′) and P2770R (5′-AACCCTTAGCATGTCCG TGG-3′). The PCR reaction conditions for 30 cycles were denaturing at 98°C for 10 s, annealing at 50°C for 30 s and polymerizing at 72°C for 2.5 min for the former set, and denaturing at 98°C for 10 s and annealing at 56°C for 30 s and polymerizing at 72°C for 2.5 min for the latter primer set.
| Inverse PCR
Genomic DNA was extracted from ten flies of FWU12-07 as above and was dissolved in 150 μl of sterile distilled water after ethanol precipitation. We digested the genomic DNA in 20 μl of solution with 15 units of EcoRI (Takara) at 37°C for 1 hr, because the canonical P elements should have only one EcoRI site at nucleotide 1711 (Kofler et al., 2015; O'Hare & Rubin, 1983) . After heat denaturing EcoRI (65°C, 20 min), digested DNA was self-ligated with 3
Weiss units of T4 DNA ligase (Promega) at 4°C for overnight. For convenience, hereafter, we call the part of P element 5′-side of the EcoRI site "Left side" (~1.7 kb), and that the 3′-side of the EcoRI site PCR conditions were as follows: preheat at 95°C for 3 min, followed by 32 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s and extension at 72°C for 1 min, and additional extension at 72°C for 7 min.
After electrophoresis in a 0.8% agarose gel (Agarose S, Nippon gene), DNA fragments larger than 2.2-kb were separately extracted and purified using Wizard SV Gel and PCR Clean-Up System (Promega). The purified DNA was inserted into pGEM vector using pGEM-T Easy Vector systems (Promega), and transformed to E. coli host, JM109. The flanking genomic sequence was determined using the Pinv HaeIII-up or Pinv HaeIII-down primer (see above). The obtained sequence was searched for D. simulans in FlyBase [http:// flybase.org/] using Blast Search. Based on a concatenated sequence of determined and retrieved sequences from the database, a primer pair, 3L2ForNew (5′-TGATGTGCGTCATTCAGCTT-3′) and 3L2RevNew (5′-CGACGAGAGGGAAATGAAAA-3′), was designed to determine the size and structure of the inserted P element using Primer3Plus on the web [http://www.bioinformatics.nl/cgi-bin/ primer3plus/primer3plus.cgi/]. The PCR condition was preheat at 95°C for 3 min, followed by for 32 cycles were denaturing at 95°C for 30 s, annealing at 50°C for 30 s and polymerizing at 72°C for 4 min.
| Nucleotide sequencing
The DNA fragment was inserted into pGEM vector using pGEM-T Easy Vector systems (Promega) and BigDye Terminator ver. 3.1 (Thermo Fisher Scientific) and Genetic Analyzer 3100 or 3500 (Thermo Fisher Scientific) were used for DNA sequencing. Cycling conditions were as follows: incubation at 96°C for 1 min followed by 25 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. We used eight primers as follows: P410F (5′-AGAAGGCTATACCAGTGGGAG-3′), P759F (5′-ATTTCCTTTGCCCAGTCGTAC-3′), P1227F (5′-ACCTG GTTTAGCCATCCTGC-3′), P1632F (5′-GAGTGCTCGCAACCTTATG G-3′), P1894F (5′-TCGACCATCCCACTCCACTG-3), P2250F (5′-TGAG CCTGTCGATGATGAGC-3′), M13M4, and M13reverse. The sequence of genomic P element obtained in this study was deposited in the DDBJ with the accession number LC274660.
| RE SULTS
| P element sequence in D. simulans in Japan
To detect P element homologous sequences, we examined genomic DNAs from 63 isofemale lines of D. simulans from 11 Japanese local populations established from 1976 to 2015. PCR primer pairs, P176F and P2812R, were designed within the P element sequence.
Thus, a full-sized element will generate a product 2.6 kb long. All lines established after 2008 carried copies of P sequences containing full-sized and internally truncated elements (Figure 2) . The F I G U R E 2 Genomic P elements in Drosophila simulans in Japan. The primer set of P176F and P2812R was used for PCR. The expected size of the full-sized P elements is indicated as 2.6 kb. The samples were applied from left to right: SPP (02) Figure S1 ). The RM1 showed a few faint signals in Figure 2 , but nothing in another PCR (Supporting information Figure S1 ), suggesting that they were not specific products of P sequences.
Recent occurrence of P element does not appear limited in any small area, but suggests comparatively wide distribution in the Japanese archipelago. The local populations showed a monotonous result of with or without P sequence, hence no polymorphism in each population (Figure 3 ).
| Full-length P element in D. simulans
To obtain a complete sequence of the genomic P elements and identify the insertion site, we carried out inverse PCR with FWU12-07, because it appeared to have some full-sized and only a few other internally truncated smaller P elements in the genome (Figure 2 , Supporting information Figure S1 ). We designed primer sets for 14 possible templates containing the flanking sequences of P element.
We successfully obtained a 3.5-kb fragment from a template, 3L#2.
The nucleotide sequence was determined (3,447 nt). The inserted P element was the canonical complete element of 2,907 bp and the nucleotide at position 2,040 was "A", thus the same as the P element The insertion point is in the first intron of GD12441 gene, which is 19.6 kb in size and deduced to encode a glutamate synthase (FlyBase ID: FBgn0184173). Transcriptional direction of the P element was opposite to that of GD12441. The EcoRI sites presumed at the both ends in the initial digestion of inverse PCR were confirmed 1,231-bp upstream and 904-bp downstream of the target.
In addition, we determined the nucleotide sequence of 17 DNA fragments obtained from MSO12, Hikone15s-4, and TSM58 by PCR above. The nucleotide was "A" at the position 2,040 in each amplicon, with no exception (Supporting information Figure S2 ). 
| Hybrid dysgenesis of the flies in D. simulans in Japan
To know the phenotypic characteristics of the current D. simulans in Japan, we carried out the gonadal dysgenesis (GD) test. RM1 was tentatively used as a DS strain because it was free of the P element sequence in its genome (Figure 2 , Supporting information Figure S1 ).
First, each of three TSM lines was crossed to RM1 in both directions and F1 females were individually dissected in 5-7 days after eclosion to evaluate the development of ovaries. There was a large difference in the fraction of dysgenic females between the offspring in each reciprocal crosses at 29°C (FET, p < 0.01), but not at 25°C (Figure 5a ).
As a result, unidirectional gonadal dysgenesis was observed in all three lines examined at 29°C. Males of TSM lines induced significantly higher levels (more than 96%) of dysgenic F1 females when crossed to RM1 females. Thus, hereafter we tentatively used TSM31 as a control for the DI strain having both strong inducing ability and high repression potential of hybrid dysgenesis, and RM1 as a control of the DS strain having neither.
A series of GD tests was carried out for the Hikone15 lines at 29°C. GD% of the cross A (RM1 females × tested males) varied from 61.2 to 96.2%, suggesting considerable levels of inducing ability of P transposition in each line; GD% of cross A* (tested females x TSM31 males) were less than 4.7%, indicating almost full potential of repression (Figure 5b , Supporting information Table S3 ). To confirm the effects of high temperature of development in the GD F I G U R E 4 A complete P element in Drosophila simulans in FWU12-7. A 2,907-bp P element was located at GCACAGCC at 16,390,349-16,390,356 of chromosome arm 3 L as the flanking target duplication. The nucleotide sequence of the P element was thoroughly identical, containing the A at the position 2,040, to that of the originally invaded element in D. simulans (Kofler et al., 2015) . Approximate positions of the PCR primers are indicated; 1: Pinv HaeIII-up, 2: Pinv HaeIII-down, 3: 3L2RevNew, and 4: 3L2ForNew. The primer set 1&2 was used for inverse PCR and 3&4 for amplifying the region containing the P element. This element inserted in the first intron of GD12441 in the opposite direction. EcoRI sites (E) at 16,389,125 for the left and at 16,391,252 for the right side and HaeIII site (Ha) inside P element are indicated in the bottom map F I G U R E 5 Hybrid dysgenesis in Drosophila simulans in Japan. (a) Fraction of dysgenic F1 females for TSM lines in both directions of each set of reciprocal crosses, with RM1 female (positive direction) and with RM1 males (negative direction). Crosses were performed at 29°C (red bar) and 25°C (gray bar). **Difference in the numbers of normal and dysgenic females was significant between the reciprocal crosses (FET, p < 0.01). See Supporting information Table S2 for detail. (b) A-A* graph of Hikone15 lines. Each dot indicates the dysgenic properties of one line. Dots gathered along the vertical axis, implying that they have higher inducibilities (more than 10% of the cross A GD%) and no, if any, susceptibilities (<10% of cross A* GD%), thus DI strains. See Supporting information Table S3 for detail. n: the number of lines examined test for D. simulans, we again performed GD test for the four lines, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , at 25°C. Significant differences were detected in GD% between temperatures, 25°C and 29°C, in the cross A (FET, p < 0.01), but not in the cross A* (Supporting information Table S3 for detail). Therefore, these ten Hikone lines were, from moderate to strong, DI strains. One line, Hikone15-16, showed prominently strong inducibility, similar to TSM31.
| D ISCUSS I ON
| P element invasion of D. simulans populations in Japan
The previous studies suggested that P elements invaded D. simulans probably somewhere in Europe, Africa, and North America earlier than 2006, and spread widely in many other areas investigated until 2014 (Hill et al., 2016; Kofler et al., 2015) . These observations led us to assume that P elements would spread gradually, or from one population to the neighbor step by step, even if it proceeded much more quickly than in D. melanogaster. However, based on the present survey of D. simulans populations in Japan, P element copies were detected in all isofemale lines established after 2008, but no copy before 2006. P elements in Japanese populations are likely the descendants of the original P element, because they all shared "A" at the nucleotide position 2,040, as in European, African, and American populations. This supports the hypothesis of single event of HT in D. simulans (Kofler et al., 2015) , and also implies that P elements reached to the east end of Asia almost simultaneously to other areas. Therefore, P elements dispersed worldwide in D. simulans in a curiously short time, and the spreading pattern is not as previously assumed. P elements are not likely to spread via a combination of the usual migration of individuals and vertical transmission in D. simulans. According to Kofler et al. (2015) human activity of transportation could help flies to move a long distance in a short time. If this is the case, P elements must have formed novel colonizing centers at many points of the earth and then dispersed in each area. To understand the dynamics of newly invaded TEs, further investigation of the current local populations for detail distribution of P elements is under study, because the numbers and localities of the lines examined in the present study were limited, partly due to the availability of the lines kept in lab and the stock centers.
| Dysgenic properties associated with P elements in D. simulans
Our present GD test showed many strong DI strains, which can induce P element transposition, in the TSM and Hikone lines. This may be consistent with a unidirectional high-temperature-dependent ovarian dysgenesis in the reciprocal crosses ( Figure 5a ) and high GD% only in the cross A at 29°C, but not 25°C in the GD test (Supporting information Table S3 ). The results of PCR demonstrating apparently many copies of full-sized P elements in the genomes also support this assumption. Four strong DI strains, TSM31, TSM58, TSM59, and Hikone15-16, will be useful as a strong DI strain in the GD test, like Harwich as the strong P strain in D. melanogaster (Kidwell, 1979) .
On the other hand, our present study found no DR strain in Japan, contrary to the observation in Africa and North America, where DR strains were frequently observed between 2008 and 2012 (Hill et al., 2016) . Milder GD in D. simulans was hypothesized as one of the possible reasons of more swift spreading of P element than that in D. melanogaster, because the DI strains from Georgia showed <74% of inducing ability (Hill et al., 2016) . Our present results of predominance of strong or moderate DI strains and no DR strain at least in two independent recent populations in Japan would not support this assumption, though. Rather, strong effect in GD and rapid spread may not be always exclusive.
In relation to the P element activity, it is noteworthy that one autonomous P element was identified in D. simulans in Japan and mapped to an 8-bp on the third chromosome. Kofler et al. (2015) and Hill et al. (2016) showed the presence of P sequences in the genomes of D. simulans, many of which are full-length, and mapped some P elements. However, no full-length P element of D. simulans has yet been determined for its insertion position, because their results were mainly based on next-generation sequencing (NGS). NGS serves a powerful tool for genomewide investigation by providing many short-read sequences, but, even if a whole genome sequence is available as a reference, mapping TEs to the genome is not easy. Therefore, the full-size P element was mapped for the first time in wild D. simulans in this study. Investigation of moving of individual P element is now under study using this element.
| Evolutionary aspect of P regulatory systems in Drosophila hosts
P elements were shown to have changed the host species via HT, from D. willistoni to D. melanogaster in the 20th century (Daniels et al., 1990) , and very recently, from D. melanogaster to D. simulans (Kofler et al., 2015) . The host species invaded by TEs needs to develop regulatory systems against selfish jumping of TEs, but the evolutionary process of establishing suppression is not always clear. In D. melanogaster, in addition to the major repression by the piRNAs (Brennecke et al., 2008) and the 66 kDa repressor produced by the full-length element (O'Hare & Rubin, 1983) , some internally deleted variants are thought to play important roles in suppressing P transposition, for instance, A12 (Andrews & Gloor, 1995; Gloor et al., 1993) , D50 (Rasmusson, Raymond, & Simmons, 1993) , SP (Rasmusson et al., 1993) , SR (Corish, Black, Featherston, Merriam, & Dover, 1996) and KP (Black, Jackson, Kidwell, & Dover, 1987; Jackson, Black, & Dover, 1988; Simmons, Grimes, & Czora, 2016) elements, each of which has a specific size. In particular, KP elements of D. melanogaster increased in number (Andrews & Gloor, 1995; Black et al., 1987) and became predominant together with full-length elements (FP + KP predominance) worldwide (Itoh & Boussy, 2002; Itoh, Sasai, Inoue, & Watada, 2001; Itoh, Takeuchi, Yamaguchi, Yamamoto, & Boussy, 2007; Itoh, Woodruff, Leone, & Boussy, 1999; Itoh et al., 2004; Ogura, Woodruff, Itoh, & Boussy, 2007) . FP + KP predominance may support an advantageous effect of KP elements by preventing P elements from transposing. An alternative plausible hypothesis was suggested that KP elements have more ability of transposition than other P elements (Fukui, Inoue, Yamaguchi, & Itoh, 2008) . Based on our PCR analyses in D. simulans, all lines examined carried some copies of full-length and smaller derivative elements. However, in striking contrast to D. melanogaster, no specific smaller elements were frequently observed (Figure 1 , Supporting information Figure S1 ).
Only several years may be too short for a unique repressor variant, like KP elements, to evolve de novo in D. simulans. Such smaller repressor elements, however, were not found in D. willistoni (Regner, Pereira, Alonso, Abdelhay, & Valente, 1996) , although D. willistoni should have the longest evolutionary history with P elements among the three species (Powell & Gleason, 1996) . On the other hand, repression by the piRNAs was shown to work in D. simulans (Hill et al., 2016) and D. melanogaster (Brennecke et al., 2008; Khurana et al., 2011) , but still unknown in D. willistoni. From the view of evolution of repression systems, careful investigation is required, for instance, comparing expression, fine structure, and insertion sites of the genomic P elements both between populations and between species.
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